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Introduction

The emittance growth by space charge in the Booster is considered as one of the

bottlenecks limiting the luminosity and the total current of the Tevatron. In fact, the
previous study has successfully shown several strong evidences for the effect (Ref.1).
First, the transverse emittance increases linearly with the beam current. This suggests
that the phase space density has the upper limit predicted by the Laslett formula which is
commonly used fér the estimation of the tune shift by the space charge. Second, the
emittance growth occurs right after the injection and no more later. Since the self-
clectromagnetic force decreases as the beam energy goes up, space charge effects are
strongest near the injection energy. Third, the width of the half integer resonance seems
to become wider as the beam intensity increases. This xrﬁght be due to the large tune
spread proportional to the beam intensity.

Probaﬁiy these results are enough to conclude that the source of the emittance
growth in the Booster is space charge. In this study, we tried to confirm these results

by using the different measurement system under 200 MeV DC field operation.

Specifically, we ask

1. How does the transverse emittance grow up as a function of the beam

intensity for the coasting beam?
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2. What is the time evolution of the emittance, especially between the injection
and 1 msec later?

Furthermore, if the half integer resonance restricts the maximum tune shift, that
is, if there is a certain upper limit of the phase space density, this density limit should be
lower when the bare tune is down to the half integer resonance. With this in mind, we
ask

3. What is the dependence of the emittance growth on the bare tune?

All the results below were taken without RF since we want to eliminate as many
unknown factors as possible, for example the effect of the longitudinal motion and more
specifically the bunching factor, and observe space charge effects in the simplest
environment. Although it is difficult to make high peak intensity with the coasting
beam, the advantage of being able to ignore these factors associated with the complicated
RF capture process is considerable.

Experimental Setup

Vertical profile measurement

The measurement of vertical profiles was done by using a single wireand a
kicker magnet. The detailed Iayout of their locations in the Booster is shown in Fig.1
and the lattice function in Fig.2 (Ref.2). The following is one measurement cycle
giving a profile. First, the single wire is positioned slightly off the edge of the
circulating beam so that the wire does not disturb the beam. At the time we want to
measﬁre the profile, say 1 msec after the injection, the kicker magnet is fired. The beam
deflected by the kicker hits the wire and the wire produces current. Figure 3 shows the
wire signal as a function of time. Because of the finite rising time of the kicker
excitation, the beam is moving relative to the wire and the wire signal is changing slowly
at the beginning. We interpret that the signal level at the flat top corresponds to the beam
intensity at a certain vertical position. Since the beam revolution period is 2.8 jsec, the
reading of the signal is actually done within one turn. Then the wire is shifted outward
by small amount and we repeat the same thing, firing the kicker and reading the wire



signal. This gives us the beam intensity at another position. By repeating this sequence
10 to 20 times, that is, the beam intensity measurement at 10 to 20 different positions in
the vertical direction, we can construct the beam profile as shown in Fig.4.

The advantage of the measurement system compared with the flying wire or the
profile monitor at the 8 GeV line is that we can measure the beam profile with an
excellent time resolution. Since the measurement of the one vertical position takes less
than one circulation time, we can in principle set the time of the measurement, for
example, at a few turns from the injection. In comparison, the flying wire typically
needs about 1.5 msec to fly through the beam. The phenomena which occur faster than
this time cannot be detected by the flying wire. For the space charge study, the time
resolution is highly desirable. Needless to say, the profile measurement at the 8 GeV
line gives us only the overall beam profile in one whole Booster cycle. The
disadvantage is that it takes about 30 minutes to construct one profile since the single
wire must be positioned at the different place manually. Moreover, within the time
period of measuring the whole profile, which is usually 30 minutes or so, the beam
shape and size must remain the same. This is sometimes hard to achieve, especially
when we choose the tune at critical values, for example, near a resonance. Of course

this drawback can be removed if a multiwire system is available.

Definition of the emittance

From the profile data, the vertical emittance can be defined if we know the beta
function at the wire position in the following way,

c=wlp,

where ¢ is the unnormalized emittance, w is the beam width, and /# is the beta function
at the wire position. Note that this emittance is not an area of anything (Ref.3). The
next question is how to define the width from the profile data. We will define several
widths, more strictly half width, of the profile to analyze the data.
Gaussian sigma width

By minimizing the chi-square of the Gaussian fitted curve on the profile data,

sigma and its error can be derived. We call this Gaussian sigma width. The curvein-



Fig.4 shows the Gaussian fitted on the raw data histogram. We use the program library
PAW on the Fermilab VAX cluster to do the chi-square fitting.
38%, 68%, and 95 % width

First of all, the mean position and the second moment of the profile are
calculated. Based on them, we smoothed out the profile data using the Hermite
polynomials with the weighting function, which is Gaussian in this case, taking first 10
terms. Then, the interval from the mean, right-hand side and left-hand side separately,
is determined such that the area enclosed by the interval contains 38%, 68%, or 95% of
the total area. We call this interval 38%, 68%, or 95% width. Figure 5 shows the
profile fitted by Hermite polynomials with the boundary of these widths.

The idea behind these definition is that we would like to see the emittance growth
of the core and the tail of the beam by 38% and 95% widths, respectively, and
something similar to RMS value by 68% and the Gaussian sigma widths.

Beam intensity measurerment
There is always a beam loss immediately after the injection to a few msec so that

the number of injection turns, which is the coarse knob to change the intensity in the
control room, is not a good measure of the beam intensity. To measure the beam
intensity associated with the emittance at certain time, we read the CHGO plot as shown
in Fig.6. The beam intensity drops down sharply when the kicker is fired. We take the
intensity level right before the kicker excitation as the beam intensity.

Tune measurenient

The horizontal and vertical tunes are measured by Schottky device. The beam is
kicked in the transverse direction and provides the oscillation signal of the center of
gravity. The signal is processed by digitizing signal analyzer (DSA602). Figure 7
shows the example of the Schottky device signal for the coasting beam with six turn
injection. The sharp peaks at the frequency of 361 kHz and its harmonics show the
revolution frequency. The frequency interval between one of the sidebands and the
revolution frequency should give the fractional part of the tune,



n £ v=Aflfrey,
where n is the nearest integer of the tune, v is the tune, Af is the distance between the
sideband and the revolution frequency, and frev is the revolution frequency. To
determine the frequency shift of the sidebands accurately, we measure six sidebands
associated with three harmonics of the revolution frequency and take the average of
them. The ambiguity of the sign is removed by changing the quadrupole strength
slightly and checking frequency shift of the sidebands. The observed tune points with
several quadrupole strengths are listed in Table.1 and shown in Fig.8.

Table 1: Quadrupole current (Amp.) and the tune
QL Qs Vx Vy

0.00 000 6704 6.784
0.14 -0.10 6748 6.822
-0.14 0.10  6.666 6.743
-0.20 000  6.728  6.683
-0.56 040 6545 6.621
-0.50 000 6.769 6,591
-0.60 000 6782 6554

From these samples, the relationship between the quadrupole strength and the

tune is found by the least square method:
QL = 0.6782(vx-6.70) + 2.7652(vy-6.78),
QS = -1.8764(vx-6.70) - 0.6170(vy-6.78).

Momentum spread measuremernit

The momentum spread of the incoming beam is measured by observing the
debunching time. The vertical kicker is fired and nearly half of the coasting beam is
lost. The time structure of the beam in the ring is measured by the resistive wall current
monitor and digitizing signal analyzer (DSA602). As time goes on, the portion of the
ring occupied by the beam becomes larger. The relationship between the debunching
time and the momentum spread is

dpfp=(dt/tym,
where 1 is the slip factor 142-1/42, which is 0.642 for the Booster at 200 MeV. By
this method, the momentum spread has been found to be about 0.3%.



Linac output emittance
Figure 9 shows the vertical and horizontal emittance of the linac. The vertical

unnormalized 95% emittance is 9.7 n.mm.mrad.

Results

Shape of the profile

Let us take a look at the raw date of the profile monitor first. Figure 10 shows
the result of the vertical profile as a function of the total beam intensity when the tune is
(vx,vy)=(6.8,6.7). The data is taken 1 msec after the injection. The fitting curve is
made by Hermite polynomials up to 10 terms, and it is used to define the 38%, 68%,
and 95% widths as described before. Remember that all the results below are taken for
the coasting beam.

‘When the beam intensity is fairly low, the profile looks Gaussian plus some
triangular shape at the tail. This looks similar to the profile observed at the downstream
of the debuncher in the 200 MeV line (Ref.4). It is reasonable that the beam profile does
not change even after the beam is injected into the Booster when the beam intensity is

low enough. As the beam intensity increases, the center part of the profile becomes
thick and more hke parabolic. We can see that the shape is almost unchanged above the
intensity 1.79* 1012 and only the area increases to accommodate the higher intensity. In
general, the shape looks slightly asymmetric although we have no idea about the reason
at present.

Figure 11 shows the profile with the same condition as Fig.10 except for the
vertical tune Vy=6.6. At the lowest intensity, the shape looks almost the same as the
case with Vy=6.7 and it is understandable if the shape represents the incoming beam
profile from the linac without any distortion. Below the intensity of 1.46™ 1012, the
center part of the profile becomes thick in the same way as Vy=6.7. However, at the
intensity of 1.84*1012 and 2.04*1012, the shape changes. There seems to be a
saturation at the center. At higher intensity, the shape goes back to be more like

parabolic again.



Beam intensitv vs. emittance

To analyze the profile more quantitatively, we look at the emittance by the
several widths. In the following, we use 20 m as the vertical beta function to convert
the width to the emittance. All the emittance calculated below is unnormalized value.

Figure 12 shows the emittance defined by the Gaussian sigma. The error bars
means the chi-square fitting error of the sigma. Below the intensity of 1.8%* 1012, there
is a relation between the emittance and the intensity similar to the one found in the
previous study (Ref.1). Namely, when the intensity is low enough, the emittance is
almost constant. As the intensity exceeds a certain threshold value, there is more or less
a linear relation between two quantities. If we draw a straight line according to the linear
relation, the line would nearly cross the origin. Below 1.8* 1012, itis hard to tell the
tune dependence. However, near about 2*1012, the emittance has a sharp peak at
Vy=6.6 and goes down again at 2.3*1012, In fact, this corresponds to the saturated
profile we looked at in the previous section. We might be able to attribute the peak to
some sort of resonance. For vy=6.7 , the linear relation continues up to 2.3* 1012,
Above this intensity, the emittance is constant, probably because of the aperture limit.

The same sort of picture appears if we define the emittance by the 68% width as
shown in Fig.13. The peak of the emittance near 2* 1012 exists and there is no tune
dependence except for the peak. However, the flat portion in the low intensity side
almost disappears. Moreover, although there is the linear relation below 1.8*1012, an
offset of the emittance can be seen clearly if we extend the straight line to the left.

The emittance defined by the 38% width looks somewhat different. In Fig.14,
the tune dependence emerges. The peak of the emittance is still there and it is more
exaggerated. The emittance offset, the intersection of the straight line by the linear
relation and the y-axis, is finite.

The plot comes out quite differently if we take 95% width. In Fig.15, we can
see an almost constant emittance below the intensity of 1.5%1012 and another constant
value above that. The peak of the emittance is reduced. The tune dependence becomes

clearer but it is not significant,



Time evolution of the emittance

Figure 16 shows the profile at different time from the injection. The intensity is
about 2¥1012 and the tune (Vx,Vy)=(6.8,6.7). There is little change in the shape during
this time period. If we look at the emittance plot by Gaussian sigma, we can see the
constancy or a slight decrease of the emittance. This is also true for the emittance
defined by 38%, 68%, and 95% widths.

Summary and Discussion
The intensity dependence of the emittance looks similar to the previous study
when we define the emittance by Gaussian sigma. Let us suppose the beam distribution
is Gaussian even when the intensity is high and the emittance growth comes simply
from the phase space density limit. From Fig.12, we approximately get the ratio of the
total particle number to the unnormalized RMS emittance,
ne/erus = 1.1%1018,

In terms of the Laslett tune shift,
T, n
Ay = ——L . =
¢ . AP PE  Erus

3

the limiting phase épace density corresponds to Avy=-0.23. It looks reasonable.
Considering that the vertical tune is lower than 6.85 which has Avy=-0.37 in the
previous study, it seems that we reproduced exactly the same results as before.
However, we should notice that we had a big assumption to derive this result.
As we have seen before, the shape of the profile itself is a function of the intensity.
There is some doubt as to whether we can assume constant distribution to calculate the
phase space density. To take into account the change of the distribution, we tried to
define three other emittances which physically correspond to the core, RMS, and the tail
of the beam. Of course, if the distribution is always the same or can be assumed to be
the same, the plot of these emittance looks the same except for the absolute value. This
is not the case. In particular, the emittance defined by 95% width looks different from
the others. In addition, although there is a linear relation between the emittance and the



intensity in 38% and 68% emittance, it is not the constant phase space density line since
it does not go through the origin.

We should emphasize here the fundamental difficulty in observing such transient
phenomena as space charge effects. The emittance, for example, which we always think
as something well defined and easily observed, at least with proper diagnostics, is not as
useful a representation of the beam quality as it is supposed to be. The various
definitions of the emittance gave us some information, but they are not enough for us to
derive a definite conclusion.

The time evolution of the emittance was quite interesting. Althoughitis
impossible to separate the beam loss and the emittance growth, and again a question on
the meaning of the emittance might be raised, at least we can say that the final beam
distribution is determined at the very early stage, right after the injection.

The tune dependence was not clear. There is a resonance-like structure of the
emittance when vy=6.6, but the detailed study on this is beyond the scope of this

experiment.
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Fig.2: The lattice function of the Booster. This figure is copied from Ref.2.

11



B34  GOULD,4G672 - TRACE TR

ACE # 6 A
READ ERRORS= g

GOULD MCR-B® TIMEBASE
TGAAUT=0FF

FRONT END <BOOSTR> ~HOUSE <82>  TYPE <GPIL> HSA=PE-6

TDELA=~]1.600
SHFT=-208.88E~3

TRIGGER
TSR=EXTA

...........................

: TRGCA=DC

TRGMDA=A
TSLA=PLUS

WRE™ Ari+0.Zcm. . ... [iteee

CHANNEL1
Y81i=588E~3
PBG1=X1
INVi=0FF
¥Pi=-2.59
YCi=DC
CHI=0N

CHANNEL2
vge=-1868E~3
PRG2=X1
INVE=0N
VPR=774E~3
vee=pC
CH2=0N

Fig.3: Scope display of the wire signal, 2 tsec/div. in x-axis.

4.5

T T T

35

L A R AL LI e I B B |

o e d o B o TIE W B UC Y | TS B IETAN N BN
-0.8 ~0.4 0 04 0.8 1.2 1.6 2

13522¢3000w1
Fig.4: Typical profile measured by the single wire. The x-axis is the wire
position and the y-axis is the current induce at the wire by the beam. The curve
represents the Gaussian fitted to the raw data.
12

{02 NOIIVOOT FTOSNOO

[4 BX:(ete]

62120 686T~-100~VT



Illt!(Il![l!!lill)l}lllI[!l!6-

0-3{}‘: ¥ ¥ ¥ l T ¥ ¥ ] 1 ¥ L
£.25

.20

Q.

.10

beam 1ntensity (volts)

.05

68 %~ —

0.15

S
=
|
|

L
[0
i
N

wire:position loml

Fig.5: Typical profile and the curve fitted by Hermite polynomials. This also
shows the boundary which contains the 38%, 68%, and 95% area.

SHP Ve.td Console 16 THSigS2e Tue 24=0CT~8% . 8128

A0ta soysdeug . -

TN-YDH 29T NOTLYOOT @I0SNOD

7%

¥u ByCHGS £i2

€33 KHEY

25

§ %WMMW%%

o P gl

) et <8825 885 <B875 81

ggl’d @ BEITO 686111.00—?2

MALT FOREVENT Seconds Trig = EVENT . 17 engineering urits

(®eo-"elo0~)

Fig.6: CHGO plot for the beam of one tum injection. At 1 msec after the

injection, the kicker magnet is fired and almost half the beam is lost. We read the

intensity right before the kicker excitation. 13



& balag,

0SA 602 DIGITIZING SIGNAL ANALYZER (@G 09,0

date: 44-0CT-89 time;  7:43: 31

-mwamsﬁ

i
M
|
i
i

o
o £o0F
= s z w
- < 4] &
E T 3
B ¥ & 4
& ~ E:
5dBm d ® 5
/div
nﬂl)
&
8
£
o g
trig'd ~ &
w.; w Jif
. i .m
141
~$44d8m .
14.648kHz B 182.07kHz/div_ .~ o 4, 2354MHz
[ Cursor 1 vis <B7.78dBm - fi= 70.10kHz | Rem |
: Type . V2= ~B0,65dBm fem 4.174MHz Wfm 2
; wPaired -y Av=- 7.433dBm - Af= 4.104MHz Avg (o
L Dots.. | e IMady
: Meursor 11 ["Cursor 2
m | 70.40KkHZ 0 1,474MHz |

in the six turn coasting beam. The beam

signal

Vertical

revolution frequency is 361 kHz. We can see the sideband of the betatron frequency and

-
®

Fig.7

some spurious.

7.0

6.9 +

6.8

finu

6.7

6.6

6.5

7.0

6.9

6.8

6.7

6.6

6.5

aux

Measured tune of seven set of quadrupole strength. Refer table 1.

-
s,

Fig.8

14



2.7¢ pi

v Bl

adong obviols $T9O
£0 NOTLVYOOT ATOSNOD

7
H

doTIeTNUT
EN-YOR

. 1005, 2 4 3 g . MRCH
o
:' 4
i B
i )
H LY .
3 i
i a4 /
i A
; L
! ! e s0%= 1.27;
i i ) /‘ S$e%= 3,54, V.78 p
1 i < 95%= 4.44, 9.7 ' p
Vol /
& i N
\‘ { _“
A .
Y §
Yo 3
EHl # "5,
W : o
U/ o i R
1.;(
1 BEAH=86.77

AREA= 4+719 .&xawgmfa&amma&ﬁ;gggmasm&xmmx&mxw*
' 2 . 940 00 50 9 498 AT 0 905 S S
% BEAW 98.2 '5&&55,’;?;355:*; gggé";;;%ﬁ;zgga%ﬁwg
FuHM= 217 J(%&%ﬁt#&&ﬁst#ﬁﬂg g "ﬁﬁ#xaxgxg;g&m&ﬁxr
Cg= goee 1 EH R }c!&&ﬁ!&&&!é!ﬁ-&!ﬁ!‘.{'
: -
SUN= 52.46 ASERSNTRR Y ggﬂggxg&mﬁmsxm EREC
Priiro e b L e e
THRESH . @3 o 35119 4 5 0 50 e s e AT
o 5 badiat ','?r/,«l" 05 495 5 98 2 K ‘f
SEESIBAL SR BRI
ot D4 . 50 90 W 9 90 S8 AL Y 2y
L ARENERRIR RIS
06 Y- A 45 A 6 20
8 it I8 IR A BN
SHEEINE SmrERRInn R’
¥ 8. 405 265 99 HIF AW H N
RECEMTHEL SELARRE Y
A 265 S0 200 R R RER I
A S S0 3 5 A
B R G 9 K 906 SR AL 06 B 9 89
5 8% 56 57 39 S5 IR UK IR
AR ESBERE RS NEN
65 565 10 26 9% 05 705 56 996 20 8 s U RN LK
e R s e B RIS SN
55 2 29795 350 3 s S 96 G Y NG R AT
5 B A Sa 91 2% a3
5 EREEN S SRR SRR LAY
Prrn e b b b b g B
& 4%
y— RUN & Pe
FRktnnbnntinnt Eahmie 18024783 1442

5 2 4 6 g 4RCM
1664 e
$
1y st
IR
{13
EE
£ e
PR A /
‘ §
ST B
7 i
{ }
: i st 60%= L.9894, 2.17 pi
. R ) { 96%= 2.89 6.31 pi
Pl cr $5%= 3,845 8.39 §i
i
BE /
4 q 3
Lo 1,
L1 ] :
5y i -
N .
£ é
E ! ~ K
4 I -
% i1 ‘0
Aoy 8% i + ;
I BEAWM-36.27 .
AREA= 3,731 d
AREReBi701 -
i oA ssm;g:x ¢ 5
FuHN=  .ese g
cE= .B1EE O A TR /g’z&&gzﬁzﬂ-. 55
ammsaxna«xmwms & ;xm by
SUNH= 40.689 7 %WW’“M i

THRESH .83

;',,,,Ammc % 24390 86 ”‘
‘//;» o;ﬁﬂi%%ﬁﬁ%%&ﬁ% L
o BB S SN VAL U A

“rE

LA SR I IR R
i
B TR WL I AR IR I 29"

56 26 R FA ISR

45 245361
&&#(&ﬁ%%l%%'

ik

X,
2l

SRR
4
R

5 65 955
ilﬁ &%If%%& %
i e RUN ¢ P>

ﬁmﬁmaw%m T lGro4s89 {44s

LA 55 00

3 303
AREE %’ﬂ
P b

Fig 9: Vertical (above) and Horizontal (below) emittance of the linac.
Unnormalized 95% emittance is 9.7 1 mm mrad.

¥1T 686T1~AON-T

@

(4]

EN-Y¥OW ¢ €0 NOILVOOT ATOSNOD

yotzeThua odoog ebexols YIL9D

¥1T 686T-AON-T

K

00



tens {volts)
beam 1ntensity (volts) beam intensity tv

beam 1ntensity (volts)

0.42e12 p

.25

0.20

Q.10

.08

0.15 |—

beam intensity (volts)

\Illl!Il|!|!|llllil1[)llllll[

L ; S § I | I i I 1

.00
-1

O 1 2

wire position {cml wire position {cm}

0.76e12 p ' 2.24e12 p

0.8

4.6

0.4

0.2

l|||x1||||!|1)

l!l‘lll

T
ot

} S UL O | l § S T 1 LSSV G o | l | S S | I bk

beam intensity (volts)

wire pasition {cm) wire position {cm)

1.20el2 p 2.80el2 p

1.25

1.00

Q.75

0.50

0.25

}1x1!;1\x|‘\1‘1!\xx|l|;xl

beam intensity (volts)

!IIIl|I(lIlI(I§I!lll!tl[l|lll

§ I ] i i i i 1 i

[ S P I AUV WO N | i ST O S 1 ] [ SO ! Ll

wire position {cm) wire position {cm)

Fig.10: Raw data of the profile and the fitted curve by Hermite polynomials of

several intensity 1 msec after injection. The tune is (\ax,vy):(6.8,6.7).
16

-1 0 1 2



beam 1ntensity (volts) beam 1ntensity lvolts)

beam intensity (volts)

1.84el2 p

8.5

0.4

0.3

0.2

beam intensity (volts)

.t

|«ls||)|l‘)xillllx!]\ll\{\

~|llltl!!l;l!Ifll!ll't!!l[l

bk | Eo ko g | S S S ) } § JEUR GOV S | i L S S W |

wire position (cm) wire position {cm)

1.07612 p 2.04el12 p

1.0

4.8

0.6

0.4

||x‘|!4|[||||t1|x|;»

beam intensity (volts)

|ll!ll!ll‘l(l|1l!lli|lf!!l

0.2+

Illl!!l!\!llllllll:i|ll!

wire pasition -{cm) wiré position {cm)

1.46¢12 p 2.22el2 p

L5

1.0

0.5

beam 1ntensity (volts)

Q.O i i ‘ i i S : i i (S |

-1 0 1 2
wire pasition (cm] wire position {cm)

Fig.11: Raw data of the profile and the fitted curve by Hermite polynomials of

several intensity 1 msec after injection. “_}167 tune 1s (vx,\?y):(6.8,6.6),




emittance by Gausaian fitting
{pi.mm.mrad)

emittance by 68% width {pi.mm.mrad}

O nuy=66

1 &  nuy=B7
2 e

4 ;

Intensity - (Fet12)
Fig.12: The emittance 1 msec after injection as a function of the beam intensity.

The emittance defined by the sigma of the Gaussian fitted by minimizing chi-square.

O nuy=6.86
A A  nuy=67

Intensity (fe12)

Fig.13: The emittance defined by the 68% area of the Hermite polynomial curve

as shown in Fig.5. 18



08 O
el
-
e O
&
&= 0.6 -
rE A
s R A
o
e
= 0.4 - - 0 nuy=6.6
;:- A &  nuy=6.7
o F'y |
B3
= 02 A0
= ;
)
£
=
e
=
E
T

0.0 : . ;

Q 1 2 3

Intensity {(*et12)
Fig.14: The emittance defined by the 38% area of the Hermite polynomial curve

as shown in Fig.5.
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Fig.15: The emittance defined by the 95% area of the Hermite polynomial curve

as shown in Fig.5.
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Fig.16: Raw date of the beam profile when the tune is (Vx,Vy)=(6.8,6.7) and the

intensity is about 2* 1012 a5 a function of time after injection.
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Fig.17: The time evolution of the emittance defined by Gaussian sigma.
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Fig.18: The time evolution of the emittance defined by 38%,68%, and 95% area.
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